to right: small-budded cell with Sec3-GFP at the bud tip; large-budded cell with patches of Sec3-GFP in the bud; cell at cytokinesis with a ring of Sec3-GFP at the mother-bud neck. Bottom row, left to right: filled-in ring of Sec3-GFP at mother-bud neck; new bud site being established and small satellite spot of Sec3-GFP adjacent to mother-bud neck; cells with Sec3-GFP at both poles. Scale bars, 3 M. components), independent of the actin and septin cytoAnother low-copy number plasmid, pGFP3-1, was constructed, which replaced the SEC3 coding sequence skeletons, and possibly independent of polarity establishment proteins such as Cdc24p and Cdc42p. From with that of GFP. Both plasmids were transformed into wild-type and sec3 mutant haploids and diploids, and these results, we propose that Sec3p acts as a spatial landmark to help establish the site of polarized exothe localization of the GFP was monitored by confocal microscopy of living cells. The cells expressing GFP cytosis in yeast. Efficient polarized secretion would therefore result from the coupling of an actin-dependent alone exhibited fluorescence throughout the cytoplasm except for the vacuole (data not shown). Cells expresspathway for targeted delivery of vesicles with the actinindependent localization of Sec3p to the docking/fusion ing Sec3-GFP displayed a different pattern of fluorescence, which changed dynamically over the course of site.
the cell cycle ( Figure 1 ). In haploid cells following cytokinesis, Sec3-GFP was localized to both sides of the Results mother-bud neck. Prior to bud emergence, the Sec3-GFP rapidly (3-5 min) relocalized to the new adjacent Localization of Sec3-GFP in Living Cells bud site as the old concentration disappeared and reTo investigate the localization of Sec3p in living cells, a mained at the bud tip as the bud emerged in smalllow-copy number plasmid, pSEC3-GFP3-1 that inserted budded cells. As the bud enlarged, the Sec3-GFP localthe GFP coding sequence in frame with the 3Ј end of the ization became patchier, although still at the bud cortex, SEC3 coding sequence was constructed. This construct and then at cytokinesis, the Sec3-GFP rapidly (3-5 min) expressed a fusion protein of Sec3p with GFP fused to concentrated at both sides of the mother-bud neck, its carboxyl terminus under the control of the endogeappearing initially to be a ring that subsequently filled nous SEC3 promoter, so that the Sec3-GFP would be in ( Figure 1A ). The localization in diploids was similar in present in physiological quantities. This plasmid commost respects, except that the bud sites chosen were plemented all three temperature-sensitive (ts) mutant usually distal, and remnants of the old localization realleles of sec3 (sec3-2, sec3-4, and sec3-5) that were tested for growth at the restrictive temperature of 37ЊC.
mained for a considerable time after establishment of the new bud site ( Figure 1B ). Unbudded cells with confurther back toward the mother cell in small-budded cells, but when Sec3-GFP and Sec4p showed punctate centrations of Sec3-GFP at both poles were frequently seen ( Figures 1B and 1C) , implying that the cell may be localization in large-budded cells, the patches of Sec3-GFP and of Sec4p immunoreactivity appeared to exactly secreting from both ends simultaneously, which could perhaps give rise to the characteristic lemon shape of coincide. In unbudded and small-budded diploid cells, Sec3-GFP and Sec4p colocalized to both poles of the diploid cells. A spot of Sec3-GFP adjacent to the former neck concentration was sometimes seen in small-budcell, substantiating the idea that secretion in diploids can occur simultaneously from both poles. ded cells where the bud was at the opposite pole ( Figure  1C ). Sec3-GFP also localized to the mating projections Sec8p, another component of the Sec3/5/6/8/10/15/ Exo70p complex, was previously shown to localize to of cells responding to mating pheromone ( Figure 3C ). Sec3-GFP therefore localized to the site of polarized bud tips and prebud sites via indirect immunofluorescence of c-myc-tagged Sec8p, but it had not been desecretion appropriate to each stage of the cell cycle.
Because the fluorescence intensity of GFP should ditected at later cell-cycle stages (TerBush and Novick, 1995) . We used the triple c-myc tagged Sec8p (TerBush rectly correlate with the concentration of Sec3-GFP, we used the fluorescence of Sec3-GFP in cells where the et al., 1996) , reasoning that its better immunoprecipitation properties might give improved indirect immunofluendogenous SEC3 gene(s) were tagged with GFP to compare the amount of fluorescence localized to that orescence. In addition to the localization described previously at prebud sites and at the tips of small buds in the general cytoplasm. We restricted our analysis to those cells undergoing cytokinesis, in which Sec3-GFP (TerBush and Novick, 1995), we were also able to detect Sec8-3Xmyc at the mother-bud neck in cytokinesing is found localized only at the well-defined mother-bud neck. By these estimates, from 17%-30% of the Sec3-cells and to demonstrate that Sec8-3Xmyc and Sec3-GFP colocalize ( Figure 2B ). GFP in haploid cells is localized to the neck, with the remainder cytoplasmic. These figures are in good agreement with the estimates of the amounts of the Sec3/5/6/8/10/ Sec3-GFP Localization Is Independent 15/Exo70p complex associated with the plasma memof a Functional Secretory Pathway brane from fractionation studies using haploid cells Post-Golgi vesicle formation can be abolished by block- (Bowser and Novick, 1991; Bowser et al., 1992) . In diping the secretory pathway at ER to Golgi or intra-Golgi loid yeast, from 10%-25% of Sec3-GFP is concentrated stages of transport using ts secretory mutants that affect at this site. We have previously shown that overexpresthese stages. Polarized localization of Sec4p is lost in sion of SEC3 in a wild-type background does not affect these conditions within 10 min of temperature shift cell growth or morphology (Finger and Novick, 1997) .
(Walch-Solimena et al., 1997). We transformed pSEC3-The localization of Sec3-GFP also does not dramatically GFP3-1 into secretory mutants affecting ER to Golgi and change upon overexpression, although a modest inintra-Golgi transport. If Sec3-GFP localized to the bud crease in the proportion that is cytoplasmic is seen.
tip either via localization on secretory vesicles or by When Sec3-GFP is expressed from a low-copy number recruitment to the target membrane in response to vesiplasmid, approximately 20% of the total is found at the cle docking, the abolishment of vesicle formation would mother-bud neck at cytokinesis, whereas only 10% of result in the loss of Sec3-GFP concentrations from sites the total Sec3-GFP expressed from a high-copy number of polarized exocytosis. In contrast, in all of the ER to plasmid is found at mother-bud necks in cytokinesing Golgi and intra-Golgi sec mutants examined, Sec3-GFP cells.
remained localized to the sites of polarized secretion Photobleaching experiments suggest that Sec3-GFP even after a 1 hr shift to the restrictive temperature stably associates with the plasma membrane. When the ( Figure 2C , Table 1 ). This suggests that Sec3-GFP stably cytoplasm was bleached, there was no detectable exassociates with the target membrane at the site of exochange between the unbleached pool at the bud tip and cytosis, in agreement with the photobleaching experithe cytoplasmic pool over the 10 min course of the ments. experiment, indicating that Sec3-GFP remains plasma
We next examined the localization of Sec3-GFP in all membrane associated for at least 10 min (data not of the other post-Golgi sec mutants. Again, we found shown).
that even after a 1 hr shift to the restrictive temperature of 37ЊC, Sec3-GFP remained localized to sites of polarSec3-GFP Colocalizes with Sec4p ized exocytosis ( Figure 2C , Table 1 ). Among these muand with Sec8-3Xmyc tants were sec5-24, sec6-4, sec8-9, sec10-2, and sec15-1, To determine whether Sec3-GFP colocalized with other which encode mutant forms of components of the comcomponents of the secretory pathway that have a polarplex with which Sec3p associates. Thus, Sec3-GFP was ized localization, we performed indirect immunofluoable to localize to the sites of polarized exocytosis in rescence localization of Sec4p in conjunction with the the absence of secretory pathway function at any stage direct visualization of Sec3-GFP. Sec4p has been preof the secretory pathway. viously shown to localize to the tips of small-budded cells (Novick and Brennwald, 1993) , and by immunoelectron microscopy, Sec4p is concentrated on postSec8-3Xmyc Localization Depends on a Functional Secretory Pathway Golgi secretory vesicles (Walch-Solimena et al., 1997) . Sec3-GFP and Sec4p showed considerable overlap in Because Sec3p localization is independent of the other components of the complex, we wanted to see if the their localization (Figure 2A ). Sec4p appeared to extend 
P, localization of the protein was polarized; U, localization of the protein was unpolarized; U/P, localization of the protein is partially depolarized. The proportion of cells with polarized Sec3-GFP or Sec8-3Xmyc is shown in parentheses. a Cells still had polarized Sec3-GFP at 2 hr of shift. b Cells still had polarized Sec3-GFP at 4 hr of shift. c Loss of Sec3-GFP localization was first observed at 30 min of shift.
converse was true; that is, do other complex composec10-2, sec15-1) of secretion ( Figure 2D , Table 1 ). This indicates that Sec8-3Xmyc localization depends on connents require functional Sec3p for their localization? This is an intriguing possibility, because the complex tinuous secretory pathway function at all stages, in contrast to Sec3-GFP localization, which is independent of appears to be completely disrupted in a sec3-2 mutant background (TerBush and Novick, 1995) . In the ts sec3-2 secretory pathway function. strain, Sec8-3Xmyc became mislocalized, with the amount of mislocalization increasing with increased time at 37ЊC Sec3p Does Not Colocalize with Actin, but Their Changes in Localization Are ( Figure 2D , Table 1 ). Rather than localizing to the tips of small-budded cells, the Sec8-3Xmyc localized in a Temporally Coordinated A functional actin cytoskeleton has been shown to be punctate cytoplasmic distribution. This effect was not specific to sec3 mutants, because we found that the necessary for efficient polarized secretion (Novick and Botstein, 1985) , and actin is concentrated in regions of polarized distribution of Sec8-3Xmyc was lost after temperature shift in every sec mutant examined from both active cell growth (Adams and Pringle, 1984) . Sec3p and the actin cytoskeleton were functionally connected by early steps (sec7-1, sec13-1, sec14-2, sec17-1, sec18-1, sec19-1, sec22-3, and ypt1-3) and post-Golgi stages the identification of genetic interactions between SEC3 and PFY1 (Haarer et al., 1996 ; Finger and Novick, 1997), (sec1-1, sec2-41, sec3-2, sec4-8, sec5-24, sec6-4, sec9-4, the gene encoding profilin (Haarer et al., 1990) , which cell-cycle arrest, quickly establish new bud sites that can be distinguished from the mating projection. When regulates actin assembly. Sec3p does not directly regulate the actin cytoskeleton (Finger and . the act1-3 mutant was simultaneously released from the ␣-factor arrest and shifted to the restrictive temperature To investigate the possible connection between Sec3p and actin, we colocalized Sec3-GFP with actin by stainof 37ЊC, Sec3-GFP was able to achieve a localization distinct from the mating projection ( Figure 3B ). Although ing cells with rhodamine-labeled phalloidin ( Figure 3A) or by indirect immunofluorescence with anti-actin anticoncentrations of actin were seen in these cells, they usually remained at the mating projection and did not bodies (data not shown). In small-budded cells, Sec3-GFP localized to the edge of the bud tip, whereas actin usually colocalize with the Sec3-GFP. This indicates the ability of Sec3-GFP to localize to a new site is not actinwas concentrated in cortical patches at the bud tip as well as in filaments oriented from mother to daughter. dependent.
As a more stringent test of the ability of Sec3-GFP to When the Sec3-GFP became localized in cortical patches in the bud, actin did as well, although these patches did localize independently of the polarized actin cytoskeleton, we observed localization of Sec3-GFP in cells renot coincide. At cytokinesis (following nuclear division), Sec3-GFP localized to the membrane connection becovering from ␣-factor arrest in the presence of the actin depolymerizing drug latrunculin-A (LAT-A). Although tween the separating cells, and the actin appeared to be to either side of this connection. Finally, when a new phalloidin staining demonstrated a complete absence of polymerized actin structures in LAT-A treated yeast, bud site was being established, the concentration of Sec3-GFP at the prebud site appeared to emerge from Sec3-GFP was well-localized in the cells thus treated (data not shown). Thus, maintenance of Sec3-GFP localthe center of the ring of actin. Both techniques establish that the changes in Sec3-GFP localization occurred at ization does not require a polarized actin cytoskeleton.
The most stringent test of a protein's ability to localize the same points in the cell cycle as the changes in actin localization, but the two proteins did not appear in the absence of polymerized actin, is to see whether cells released from G 0 (which are unpolarized) and to colocalize. treated with LAT-A, can localize the protein in question to the prebud site (Ayscough et al., 1997). We were Sec3-GFP Localization Is Independent unable to detect Sec3-GFP in cells exiting from G0, preof the Actin Cytoskeleton sumably due to slow formation of the chromophore Because of the established involvement of the polarized (Heim et al., 1994) . We therefore used a strain where all actin cytoskeleton in post-Golgi secretion in yeast (Novof the Sec3p was C-terminally tagged with four consecuick and Botstein, 1985; Ayscough et al., 1997; Mulhol- tive HA epitopes and localized the Sec3-4XHA by indiland et al., 1997; Walch-Solimena et al., 1997), we next rect immunofluorescence. After 2 hr of treatment with investigated whether the localization of Sec3-GFP was LAT-A, 51% of cells displayed Sec3-4XHA concentrated dependent on a functional actin cytoskeleton. Sec3-at one pole, similar to untreated cells in both timing GFP was localized in the ts actin mutants act1-2 and and proportion of cells (57%) with polarized Sec3-4XHA act1-3, as well as in the ts profilin mutant pfy1-111, ( Figure 3C ). Cells were also stained in parallel with antiwith which all known sec3 alleles are synthetically lethal actin and anti-Sec4p antibodies (data not shown). The (Haarer et al., 1996; Finger and Novick, 1997) . Sec3-actin staining revealed no normal actin structures; how-GFP localization was also examined in strains containing ever, actin bars were seen. Sec4p staining revealed mutations in four of the five yeast myosins, myo1⌬, puncta distributed throughout the cytoplasm. The actin myo2-66, myo3⌬, myo5⌬, and in the myo3⌬myo5⌬ douand Sec4p phenotypes were as described previously ble mutant. Myo1p has been implicated in cytokinesis for LAT-A treated cells (Ayscough et al., 1997) . Thus, by and septation (Watts et al., 1985; Rodriguez and Pater- all criteria examined, the polarized localization of Sec3p son, 1990) , and the other myosins tested accumulate is actin-independent. vesicles (Johnston et al., 1991; Govindan et al., 1995;  In contrast, Sec8-3Xmyc was unable to maintain local- Goodson et al., 1996) . In all cases, the Sec3-GFP localization in the act1-3 mutant at the restrictive temperature ization was maintained, either constitutively in the dele- (Table 1) , consistent with the inability of Sec8-3Xmyc to tion strains or after a 1 hr shift to the restrictive temperalocalize in LAT-A treated cells (Ayscough et al., 1997) . ture of 37ЊC for the ts mutants (Table 1 ). In the case of the Sec8-3Xmyc was able to maintain localization in the act1-3 mutation, the cells were stained with rhodaminemyo2-66 mutant (Table 1) , which does not appear to phalloidin to demonstrate the mutant actin morphology block exocytosis (Govindan et al., 1995) . of loss of actin cables and depolarized actin patches. The rhodamine-phalloidin staining also demonstrated that the maintenance of Sec3-GFP localization is not due Sec3-GFP Does Not Colocalize with Septins or Require Septins to Maintain Localization to residual polarized actin structures (data not shown).
To determine whether Sec3-GFP was able to achieve to the Mother-Bud Neck Because Sec3-GFP localizes to the mother-bud neck at a new localization in the absence of actin function, we treated haploid MATa cells with the mating pheromone cytokinesis, it is possible that this localization might be mediated through interaction with the septins, Cdc3p, ␣-factor. Cells thus treated arrest in G 1 and polarize to direct growth to the tip of mating projections, which Cdc10p, Cdc11p, and Cdc12p, which are the putative components of filaments at the mother-bud neck that are easily identified by light microscopy. Sec3-GFP is strongly localized to the tips of the mating projections.
are necessary for cytokinesis (Longtine et al., 1996) . To address this question, indirect immunofluorescence Cells released from the mating pheromone-induced was used to localize Cdc3p tagged with the c-Myc epiof the cytoplasmic bridge connecting the cells, where Sec3p localizes. In an unbudded cell, the Sec3-GFP was tope, in conjunction with Sec3-GFP visualization ( Figure  4A ). At cytokinesis the septin rings were to either side seen to form a patchy ring inside the ring of Cdc3p, which was left over from cytokinesis. In cells at other To ascertain whether the localization of Sec3-GFP at the mother-bud neck requires neck filament function, stages of the cell cycle, again no colocalization was seen. At no stage of the cell cycle do Sec3-GFP and Sec3-GFP was expressed in the ts septin mutants cdc3-1, cdc10-10, cdc11-1, and cdc12-1. These strains septins colocalize. all have cell-cycle blocks at cytokinesis (Hartwell, 1971) . Discussion The cells become hyperpolarized and continue to disThis study establishes Sec3p as a key component of play bud tip growth, rather than switching to isotropic the machinery specifying the spatial regulation of exobud growth, and then cytokinesis (Adams and Pringle, cytosis. The localization of Sec3p changes with the cell 1984). After a 15 min shift to the restrictive temperature, cycle but is independent of both the cytoskeleton and Sec3-GFP was still localized to mother-bud necks (Fig- continued flux through the secretory pathway. In conure 4B). The septins themselves and proteins such as trast, vesicle delivery is dependent on the actin cytoskelBud3p and Bud4p that bind to the septins no longer eton. We propose that exocytosis at specific sites requires localize to the neck following a temperature shift of this two systems working in parallel: an actin-dependent length Sanders and Herskowitz, system for the transport of vesicles to the proper region 1996). Thus, Sec3-GFP is not localized to the motherof the cell, and a vesicle receiving station whose localizabud neck at cytokinesis through direct interaction with tion is actin-independent ( Figure 5 ). septins. Following a 2 hr shift to the restrictive temperaPrevious work established that in addition to blocking ture of 37ЊC, as expected, the Sec3-GFP was strongly exocytic transport ; Finger and Novconcentrated at the tips of the hyperpolarized cells, ick, 1997), sec3 mutants are defective in polarity estabdemonstrating that the Sec3-GFP localization is responlishment in diploids (Haarer et al., 1996 ; Finger and Novsive to the cell-cycle arrest imposed by the septin muick, 1997). sec3 mutants also display cytokinesis defects tants ( Figure 4B ).
(Finger and , partially delocalized deposition of chitin on the cell surface (Finger and Novick, Sec3-GFP Localization in Cell-Cycle Mutants 1997; Mondesert et al., 1997) , and abnormalities of the The localization of both the actin and septin cytoskeleactin cytoskeleton (Haarer et al., 1996 ; Finger and Novtons is controlled by the polarity establishment proteins, ick, 1997). These defects could be caused by mutations including the rho-family GTPase Cdc42p, its exchange in a protein necessary for establishment of sites of polarprotein, Cdc24p, and its GTPase activating protein, ized exocytosis. The data presented here demonstrate Bem3p (reviewed in Drubin and Nelson, 1996; Pringle a role for Sec3p in helping to define the site of polarized et al., 1995). Because Sec3-GFP localization was not exocytosis. dependent on either actin or septin function, we obFirst, Sec3-GFP localizes to the site of polarized exoserved Sec3-GFP localization in cdc24-4, cdc42-1, and cytosis at each cell-cycle stage in haploid and diploid bem3-1 ts mutant strains. Even after a 4 hr shift to 37ЊC, yeast growing vegetatively and in haploid yeast rethe Sec3-GFP remained localized as a patch on the sponding to mating pheromone. The changes in localsurface of the enlarged unbudded cells ( Figure 4C , Table  ization of Sec3-GFP occur synchronously with changes 1). Whether this patch of Sec3-GFP is a remnant of an in the actin cytoskeleton, implying that these proteins old cytokinesis site formed prior to the imposition of the are coordinately regulated by cell-cycle events. The locell-cycle block or represents the Sec3-GFP localizing calization to both ends of diploid yeast of Sec3-GFP to a new, but unused, bud site is not apparent.
and Sec4p implies that secretion actively occurs at both The cyclin-dependent kinase Cdc28p regulates proregions and could explain the more elongated lemon gression through the cell cycle through its interaction shape compared to haploids. The persistence of comwith different cyclins (reviewed in Lew et al., 1997) .
ponents of the secretory pathway at both proximal and The localization of Sec3-GFP was examined in the ts distal sites also supports the hypothesis that compocdc28-1 mutant ( Figure 4D) . After a 15 min shift to the nents of the secretory pathway may be important in restrictive temperature, no apparent changes in localizarecognition of the distal pole in bud-site selection (Chant tion were observed. By 30 min at restrictive temperature, and . there was an accumulation of oblong unbudded cells Second, the localization of Sec3-GFP does not require with a concentration of Sec3-GFP along one edge. This any other SEC gene products tested, demonstrating that concentration of Sec3-GFP disappeared by 1 hr, indicatSec3-GFP localization is independent of vesicle producing the dependence of Sec3-GFP on Cdc28p in estabtion and that the Sec3p can stably associate with the vesicle docking/fusion sites on the plasma membrane. lishing and maintaining its polarized localization.
Furthermore, the independence of Sec3-GFP localizalocalization to new bud sites in the absence of polarized localization of other components necessary for bud estion from the secretory pathway as a whole, including the other components of the Sec3/5/6/8/10/15/Exo70p tablishment. It is therefore unclear whether Sec3p is dependent on Cdc42p or is directly responding to some complex (with the possible exception of Exo70p, for which no mutant is available), suggests that Sec3p may more upstream component of the cell-cycle machinery. The localization of Sec3-GFP is lost within 1 hour at the be the most membrane-proximal member of this complex and that it could be required for other components restrictive temperature in a cdc28-1 mutant, suggesting that the latter may be the case. to assemble at the vesicle-docking/fusion site.
The complete independence of Sec3-GFP localization The data presented here, in combination with previous work, suggest a model for polarized secretion whereby from the secretory pathway is in sharp contrast with the requirements of two other SEC gene products with exocytic vesicles are transported into the bud tip in an actin-dependent manner, perhaps by transport along which Sec3-GFP colocalizes. First, Sec4p, the rab family GTPase that acts in post-Golgi secretion in yeast (Salmiactin cables. Sec3p localizes to the sites of polarized exocytosis in an actin-independent manner. The counen and Novick, 1987) , has been shown by indirect immunofluorescence to require production of post-Golgi pling of actin-dependent vesicle targeting with Sec3p-dependent establishment of the fusion site allows for vesicles in order to localize so that any block in transport upstream of this step results in loss of the polarized recruitment of other necessary factors, such as Sec8p, and allows the interaction of v-and t-SNAREs, thereby distribution of Sec4p (Walch-Solimena et al., 1997) . Sec4p has been shown by immuno-EM to reside on promoting membrane fusion. A homolog of the Sec3/5/ 6/8/10/15/Exo70p complex has been isolated from post-Golgi vesicles, explaining the loss of Sec4p staining when no vesicles are produced (Walch-Solimena et mammalian brain (Ting et al., 1995; Hsu et al., 1996) , suggesting that an analogous process occurs during al., 1997). The polarized localization of Sec4p is dependent on one other post-Golgi SEC gene product, Sec2p, polarized transport in mammalian cells, in which a Sec3p homolog would play a similar role. In animal cells, a twowhich is the guanine nucleotide exchange protein for Sec4p (Walch-Solimena et al., 1997) . The requirements step process of polarized secretory vesicle transport has been described (Bi et al., 1997) . The first step is for localization of Sec8p have now been studied using indirect immunofluorescence of Sec8-3Xmyc. Surpriskinesin-dependent transport along microtubules to the cell periphery. Yeast exocytosis would be more analoingly, this component of the Sec3/5/6/8/10/15/Exo70p complex is dependent on all SEC gene products tested gous to the second step, involving fast myosin-dependent transport near the cell membrane. A key question for its localization, indicating that Sec8p may be recruited to vesicle fusion sites in response to vesicle for future research is to understand how Sec3p, which is not predicted to be a transmembrane protein or to docking. The requirement for all other post-Golgi SEC gene products may reflect the action of Sec8p at a very have any posttranslational modifications that would confer the ability to bind membranes, associates with late stage of vesicle docking/fusion. Sec5-3XHA has recently also been localized to similar sites of polarized the plasma membrane. Such studies should provide insight into the development of polarity in all eukaryotic growth (Mondesert et al., 1997) .
The role of actin in secretion has been the subject of cells. considerable speculation and experimentation since the Experimental Procedures demonstration that ts actin mutants display loss of polarity of secretion and accumulation of post-Golgi secre-
Yeast Strains and Growth Conditions
tory vesicles (Novick and Botstein, 1985) , indicating that Standard methods were used for growth, transformation, and geactin facilitates exocytosis. More recently, both Sec4p netic manipulation of S. cerevisiae (Guthrie and Fink, 1991) . Strains and Sec8-3Xmyc have been shown to require actin to are listed in Table 2. achieve a polarized localization (Ayscough et al., 1997) ,
Strain Construction
and in the case of Sec4p, actin is required for mainteTwo plasmids were constructed: one, which placed the coding senance of a polarized distribution (Walch-Solimena et al., quence of GFP in frame with the 3Ј end of the SEC3 coding se-1997). We report here that Sec8-3Xmyc also requires quence, and the other, which replaced the SEC3 coding sequence actin for maintenance of a polarized distribution. Sec3p, with that of GFP. In both cases, the SEC3 promoter and terminator in contrast, is able to maintain localization in the abwere used. The coding sequence of GFP (S65G, S72A) (Cormack sence of any polarized actin and can also localize to et al., 1996) was amplified by the polymerase chain reaction (PCR), using Vent polymerase (New England Biolabs), to introduce two new sites. This demonstrates that development of a BamHI sites; one site was immediately 3Ј to the initiating ATG, and polarized secretory pathway in yeast requires both acthe other was immediately 5Ј to the stop codon. The amplified GFP tin-independent and actin-dependent steps.
sequence was digested with BamHI, then subcloned into BamHIAlthough Sec3-GFP localizes to the mother-bud neck digested pUC118. The GFP sequence was verified by the Keck at cytokinesis, it does not colocalize with or appear Foundation DNA Sequencing Laboratory at Yale University. dependent on septins. Most surprisingly, Sec3-GFP ap-A pRS316-based CEN URA3 plasmid (Sikorski and Hieter, 1989) containing the SEC3 gene from the ScaI site upstream of the SEC3 pears to maintain a polarized distribution even after sevpromoter to the ApaI site downstream of the terminator (3ScaI-eral hours at the restrictive temperature in the polarity ApaIpNB402) was mutagenized according to the Kunkel method establishment mutants cdc24-4, cdc42-1, and bem3-1, (Kunkel et al., 1987) with the Bio-Rad Muta-gene kit to create either which establish the polarity of both the actin and septin a single BglII site immediately 5Ј to the stop codon or to create cytoskeletons . We have been unable two BglII sites, one immediately 3Ј to the initiating ATG and one to determine whether the concentration of Sec3-GFP immediately 5Ј to the stop codon. When digested with BglII, the construct with one BglII site allowed insertion of the BamHI-digested represents remnants of old sites of polarized growth or a Strain was transformed with pSEC3-GFP3-1.
GFP to create a fusion protein of Sec3p with GFP at its carboxyl PBS and resuspended in a small volume of PBS. For colocalization with F-actin, fixation and staining with TRITC-phalloidin (Sigma) was terminus (Sec3-GFP), produced under the control of the SEC3 promoter. This plasmid was called pSEC3-GFP3-1. The other construct, performed as described (Finger and Novick, 1997) . For quantitation of polarized Sec3-GFP in mutants, cells were shifted to 37ЊC for 1 hr, pGFP3-1, allowed the entire SEC3 open reading frame to be replaced with that of GFP, enabling production of GFP under the fixed and permeabilized as above, mounted on slides, and Z-series collected with a Bio-Rad confocal microscope. A cell was considcontrol of the SEC3 promoter. Growth of all strains containing either of the two plasmids was monitored at 25ЊC, 30ЊC, 34ЊC, and 37ЊC ered to have polarized Sec3-GFP if a distinct concentration of Sec3-GFP was visible at the bud tip, mother-bud neck, or prebud site to demonstrate complementation of sec3 temperature-sensitive mutants and to confirm that the SEC3-GFP had no effects on growth and as unpolarized if there was no detectable Sec3-GFP concentration and the Z-series had clearly sectioned through the entire cell. of other strains.
The genomic copy of SEC3 was GFP-tagged as follows: the 2.1 Cells were excluded from the calculations if no polarized concentration of Sec3-GFP was detected and the Z-series did not clearly kb HindIII-KpnI fragment of pSEC3-GFP3-1 was cloned into pRS306 (Sikorski and Hieter, 1989) to create pI-SEC3-GFP3. The plasmid include the entire cell or if autofluorescence prevented detection of the GFP signal. The minimum number of cells counted was 168. was linearized with BstEII and transformed into yeast, where SEC3-GFP was able to function as the sole copy of SEC3. The 2.1 kb For some experiments, cells shown were pelleted 1 min at 4ЊC, resuspended in PBS, pelleted again, then fixed 5 min in Ϫ20ЊC HindIII-KpnI fragment of pSEC3-GFP3-1 was also used to replace the 1.4 kb HindIII-KpnI fragment of 3ScaI-ApaIpNB419 (Finger and methanol, then 30 s in Ϫ20ЊC in acetone, and rehydrated by washing 5ϫ with PBS. Localization of Sec3-GFP was the same in all experiNovick, 1997) to create pHC-SEC3-GFP3-1, a yeast 2 shuttle vector used in studies of Sec3-GFP overproduction. ments with either fixation. Experiments where cells were ␣-factor arrested were performed Sec3p was tagged with four HA epitopes at the C-terminal region of the genomic SEC3 gene as follows: first, the 3Ј end of the SEC3 as follows: cells from early exponential cultures in SC-ura were pelleted 2 min at 4ЊC at 3000 rpm in a Beckman tabletop centrifuge, gene, with the BglII site immediately 5Ј to the stop codon, from the HindIII site to the KpnI site in the polylinker of the plasmid was washed in SC-ura (pH 4.0), and resuspended at an A 600nm of 0.5 in SCura (pH 4.0) containing 12.9 M ␣-factor. Cultures were incubated at cloned into pRS306 (Sikorski and Hieter, 1989) , a yeast integrating vector containing URA3 as a selectable marker. A plasmid con-25ЊC for 2-3 hr until at least 80% of cells were unbudded or shmooed, determined by classifying the morphology of 200 cells. taining four consecutive HA epitopes (gift of Li-Lin Du) was used as the template for PCR amplification with Vent polymerase (NEB).
Cells were then pelleted at 3000 rpm in a Beckman tabletop centrifuge and either fixed and stained with TRITC-phalloidin as described The PCR product contained in-frame BamHI sites and was subcloned into the BglII-digested SEC3 plasmid. The resulting plasmid or washed with SC-ura, repelleted, and resuspended in SC-ura. Ts mutants were shifted to 25ЊC or 37ЊC for 30 min or 1 hr, then fixed (pSEC3-4XHA) was linearized with BstEII and transformed into yeast, where it was able to function as the sole copy of SEC3.
and processed for TRITC-phalloidin staining.
Indirect Immunofluorescence of other Proteins Staining of Sec3-GFP Expressing Cells with Rhodamine-Phalloidin
in Sec3-GFP-Expressing Cells Cells were pelleted 2 min at 4ЊC in a Beckman tabletop centrifuge, Cells from exponential cultures grown in dropout medium lacking uracil or in minimal medium (supplemented as necessary) were fixed supernatants were removed, and cells were then fixed for 2 hr at room temperature in PBS containing 2% glucose, 20 mM EGTA, and and stained as described (Finger and Novick, 1997) .
3.7% formaldehyde. Cells were washed twice with 1.2 M sorbitol, 0.1 M potassium phosphate (pH 7.5), then cell walls were digested in Fixation of Sec3-GFP Containing Cells for Temperature Shift Experiments 1.2 M sorbitol, 0.1 M potassium phosphate (pH 7.5) containing 28 mM 2-mercaptoethanol and 40 g/ml zymolyase 100T (Seikagaku) Cells from exponential cultures grown in dropout medium lacking uracil were fixed as follows: cells were pelleted 2 min at 4ЊC at 3000 for 15-30 min at 37ЊC. Cells were pelleted 2 min at 4ЊC at 1700 rpm, then resuspended in 1.2 M sorbitol, 0.1 M potassium phosphate (pH rpm in a Beckman tabletop centrifuge, then fixed in phosphatebuffered saline (PBS) containing 2% glucose, 20 mM EGTA, and 7.5). Cell suspensions were placed on poly-L-lysine coated multiwell slides for 10 min, then unattached cells were aspirated off. Cells 3.7% formaldehyde for 1 hr at room temperature. Cells were washed twice with PBS, then permeablized with 0.1% Triton X-100 for 10
were permeabilized with either 0.025% SDS (for Sec4p and Cdc3p staining) for 5 min at room temperature or with Ϫ20ЊC methanol for min to reduce autofluorescence. Cells were washed five times with
